ABSTRACT A new design of a segmented helical antenna (SHA), which can switch its sense of polarization by rotating around its center axis is presented. Two implementation methods, one based on origami folding and the other one based on skeleton scaffolding are developed. Example bifilar SHA designs are presented for the UHF frequency band. The performance of the antennas is studied and validated through simulations and measurements. Specifically, the reflection coefficient, axial ratio, realized gain, and radiation pattern beamwidth of the proposed SHAs are investigated and compared with the ones of a conventional bifilar helical antenna. The proposed SHA has two stable states of operation, one with right-hand circular polarization and the other one with left-hand circular polarization. The sense of the polarization of this antenna can be controlled and switched using mechanical rotation. Therefore, this antenna exhibits reconfigurable polarization performance.
I. INTRODUCTION
Axial mode conventional helical antennas (HAs) have been widely used in satellite communications and global positioning systems due to their high gain and circular polarization. The properties of conventional helical antennas have been extensively studied. Segmented helical antennas (SHAs), such as square cross section helical antennas, have been investigated in [1] - [3] . SHAs can provide approximately equivalent performance compared to the conventional helical antenna. The linear segments, which make up a SHA can be easily supported on a dielectric structure. This kind of structure can be designed and manufactured at a very low cost.
The physical size of helical antennas becomes considerably large at lower frequencies and requires a strong mechanical support. Several methods to reduce the total antenna volume have been developed and studied. A dielectric rod inside the helix was introduced in [4] and [5] . The volume of such antenna is tremendously decreased by 95%, but the gain is also decreased (below 4 dBi). Placing radial stubs along the circumference of the helix without affecting the radiation characteristics of the antenna was studied in [6] and [7] . The stubs increase the electrical length of antennas, and 40%-70% antenna volume reduction is achieved. However, the stubs change the input impedance of the antenna and a matching network is necessary in such designs. Meandering radiating elements of the helical antenna were used in [8] - [11] . The volume of these antennas was approximately 50% smaller compared to traditional helical antennas, but the axial ratio and the beamwidth of these antennas were compromised.
Deployable helical antennas for CubeSats have been investigated recently [12] - [14] . Bifilar and quadrifilar HAs, which have better gain and lower beamwidth than a monofilar HA, are used in these designs. These antennas are composed of conductors that are supported by novel structures. This allows efficient folding, packaging, and deployment in space. In [12] , a UHF quadrifilar helical antenna, supported by helical arms of S2 glass fiber reinforced epoxy, was designed. The structure has the potential to deploy itself by releasing its stored strain energy. Origami based helical antennas have been developed in [13] and [14] . The origami helical antennas have comparable performance to conventional helical antennas. Also, origami helical antennas can operate at different frequency bands by adjusting the height of the origami cylinders that support them. Most circular polarized (CP) helical antennas only have one sense of polarization: right-hand circular polarization (RHCP) or left-hand polarization (LHCP). The sense of CP field of the helical antenna is determined by the direction of twist of the helix arms. In some applications, dual-band reception of both RHCP and LHCP signals are required. Dual sense CP antennas have been investigated, such as cross dipole antennas [15] and slot antennas [16] . In such antennas, the directions of the peak gain at the two states are opposite, and the gain is low (below 4 dBi). CP sense switchable antennas have also been developed in [17] and [18] . These antennas need extra switching circuits and power supplies.
In this paper, a new SHA design with switchable sense of polarization is presented. In Section II, the hyperbolic paraboloid origami structure, which is used for this SHA design, is presented and analyzed. In Section III, an origami SHA with switchable polarization is developed, and its performance is compared with the performance of conventional HAs. In Section IV, an SHA based on a skeleton scaffolding and with switchable polarization is described, this design is inspired by the origami SHA. In Section V, prototypes of the skeleton SHA are manufactured, and their performance is validated through simulations and measurements.
II. THE HYPERBOLIC PARABOLOID ORIGAMI UNIT FOR ORIGAMI SHA
The hyperbolic paraboloid origami structure, as shown in Fig. 1 , was originally developed in 1928 at Bauhaus [19] . This hyperbolic paraboloid can be created by taking a square piece of paper and folding the diagonals and concentric squares in alternating direction, i.e., a square of mountain folds depicted in Fig. 1(a) by the solid lines, followed by a square of valley folds depicted by the dash lines in Fig. 1(a) , and so on. After following this process, the paper pops automatically into a saddle curve [20] . Non-squares hyperbolic paraboloid origami structures have also been developed by Demaine et al. [20] .
A new 3D structure can be developed by connecting several rectangle hyperbolic paraboloid origami structures in series, as shown in Fig. 2(a) . This structure can be used as a base for a new origami segmented helical antenna with switchable sense of polarization [21] . This new antenna consists of a series of identical rectangle hyperbolic paraboloid origami units where the two side edges of each unit have the segmented antenna trace, as shown in Figs. 2(b) and 2(c). This new antenna has two stable states (bi-stable design): a left-handed and a righthanded state. By fixing the bottom edge of each unit and rotating its top edge, each origami unit can pop from one state to the other. Fig. 2(b) shows the rectangle origami unit. The solid lines are mountain-folds, and the dash lines are valley-folds. The lines of each rectangle alternate from solid to dashed. The length of each origami unit is , and the width of each origami unit is w. The number of rectangles in each unit is m, in Fig. 2(b) , m = 4. The distance d between the adjacent rectangles should be identical. The rotation angle β of each unit, which is shown in Fig. 2(a) , is determined by the ratio /w and the number m. The larger the ratio /w is, the smaller β will be. Also, the fewer rectangles in each unit, the smaller β will be.
When the angle θ, shown in Fig. 2(b) , equals 45 • , the rectangle hyperbolic paraboloid origami unit can collapse its height. In this case, the origami unit can be compressed as a collapsible spring, as shown in Fig. 3 . This collapsible state of the paraboloid is not stable, but it can be used to stow the origami structure compactly and therefore it can be an intermediate non-operational state.
For our example origami SHA design in this paper, which will be presented in next section, the length, , of the origami unit equals 100 mm. Each unit has 7 rectangles and a width, w, of 84 mm. The distance, d, is 6 mm, and the height of each folded unit is approximately 20 mm. The metal trace is attached along the two short sides of each rectangle origami unit. If the paper base has n rectangle origami units, then the total length of metal trace will be nw, and the number of turns, N , of the SHA will be
Materials with different thicknesses were tested for this origami unit. The origami base must be thick enough to mechanically support the hyperbolic paraboloid structure, but if it becomes too thick it will not be foldable. Fig. 4 shows the rectangle hyperbolic paraboloid origami unit for the lefthanded and right-handed states for different materials (paper and Kapton R ) and different thicknesses. The thickness of the material has a small effect on the rotation angle β. The thicker the material is, the smaller β will be. From our experiment results, the applicable thickness range for the commercially available paper without any coating is from 100 µm to 400 µm. For our example design in this paper, 100 µm-thick paper is used as the origami base. The rotation angle, β, of the 100 µm-thick paper origami unit is approximately 90 • . The origami units that were built with Kapton 
III. ORIGAMI SEGMENTED HELICAL ANTENNA
An origami Segmented Helical Antenna (SHA) is developed using multiple connected in series rectangle hyperbolic paraboloid origami units, which were discussed in the previous section. This origami geometry will allow a right-handed SHA to be switched to a left-handed SHA by rotating all its origami units clockwise and the left-handed SHA to be switched back to the right-handed SHA by rotating all its origami units counterclockwise. Therefore, this origami SHA can provide a switchable sense of polarization.
In this section and as an example, the performance of an origami bifilar SHA is investigated using simulations and measurements. The equivalent conventional bifilar helical antenna, which has the same diameter and height as the ones of the origami SHA, is analyzed and used as a reference. Fig. 5 shows the side and top views of the simulation models of the origami SHA and the conventional HA that will be examined. The origami paper base is not shown in by:
which is 13.4 • . The conventional HA, shown in Figs. 5(b) and 5(d), also has two turns. The circumference of the conventional HA is π . The spacing, S, between each turn is 80 mm. Therefore, the pitch angle α for the conventional HA is calculated as 14.2 • . Fig. 6 shows the simulated reflection coefficient of the conventional HA and the origami SHA. It can be observed that the two curves are similar, and both antennas have several resonant frequencies. 7 shows the manufactured prototype at the left-handed state and the right-handed state. The prototype is constructed using 50 µm-thick copper tape on 100 µm-thick sketchingpaper substrate without any coating. The copper tape is glued on the paper and creased with the paper, so that it will stay attached to the paper substrate when the antenna is rotating. The width of the copper trace is 3 mm. The two copper traces are fed using SMA connectors. The feeding network adopted for the prototypes used a broadband 180 • hybrid coupler. A central support post is placed in the center axis of the origami structure, which goes through the center of each origami paper unit. An arm made of polylactic acid (PLA) is fixed on the top of this post, and glued at the top edge of the origami paper base, as shown in Figs. 7 and 8 . The entire origami base can be rotated around its central axis by rotating the PLA arm. When the PLA arm rotates by 2N π , which is 720 • in this example design, the antenna switches from its right-handed state to its left-handed state.
A telescoping metal post is used as a central support post of the origami SHA, as shown in Fig. 8 . From our simulation results, the metal post has negligible effects on the radiation properties of the origami SHA. The height of the antenna can be changed from 70 mm to 160 mm. The origami SHA can be tightly folded into a 100 mm × 70 mm × 5 mm volume, as shown in Fig. 8(c) . Therefore, when telescopic post collapses, the volume of the origami SHA is decreased by 96% compared to the cylindrical volume of the conventional helical antenna.
The measured reflection coefficients and the simulation results for both the left-handed state and right-handed state of the origami SHA are shown in Fig. 9 . It can be seen that the two states have almost identical measured S 11 -parameters and the origami SHA has four resonant frequencies from 0.7 GHz to 1.4 GHz. The origami SHA has a narrow operating frequency band. The simulated reflection coefficients at the four operating frequencies are less than −15 dB. The measured S 11 is less than −10 dB at the first three operating frequencies. The slight disagreement between the measured and simulated reflection coefficient is due to the fact that the simulated VOLUME 6, 2018 origami antenna is based on an ideal centrosymmetric model, which cannot be exactly realized by the prototype, since it was built manually. Also, the slight differences between the measured S 11 -parameters for the two states can be attributed to the fact that the origami paper base is constructed manually and, therefore, the geometries of the two states are not identical.
This SHA exhibits directional gain performance at these frequencies as shown in Fig. 10 . Table 1 shows the measured far-field performance metrics of the prototyped origami SHA at the four frequencies. The far-field measurements were performed using a StarLab anechoic chamber. The results illustrate that the origami SHA has the best axial ratio (0.94 dB) and highest co-polarization realized gain (6.82 dBi) at 0.98 GHz. The comparison of the far-field characteristics between the origami SHA and the conventional HA will be discussed in Section V. Fig. 10 shows the measured RHCP and LHCP elevation pattern of the origami SHA for ϕ = 0 • and ϕ = 90 • for both the left-handed and the right-handed states at 0.98 GHz. Fig. 10 illustrates that the origami SHA works in the axial mode, and the maximum gain is along its central axis. The level of cross-polarization gain is approximately 16 dB lower than the co-polarization gain over the main beam direction. The shape of the radiation patterns at the two states are almost identical. The sense of polarization of this origami SHA can be switched from RHCP and LHCP by rotating the antenna around its axis to change the right-handed helix to a lefthanded helix thereby providing a reconfigurable polarization.
As previously mentioned in Section II, when the crease pattern is created and folded on the paper base, each origami paper unit will have a steady state. It could pop from lefthanded state to the right-handed state with identical unit height and the rotation angle β, which ensures the stability of the geometry of the origami SHA. However, after the paper base is compressed and deployed as shown in Fig. 8 , we found that it is difficult for each origami unit to maintain the unified height. This is due to the nature of the paper material. To solve this problem, the skeleton scaffolding based SHA is presented in the next section. Also, other flexible materials will be studied by our future research.
IV. SHA ON ORIGAMI-INSPIRED SKELETON SCAFFOLDING
Inspired by the origami SHA, which was presented in the previous section, a new SHA is developed based on a rotatable skeleton scaffolding. Fig. 11 shows the unit of the skeleton scaffolding of this SHA. A cylindrical axis goes through the central hole of the arm, and the arm can rotate around this axis [22] . There are circular holes at two ends of the arm. Copper wire feeds through these holes to construct the segmented helix. A hollow cylinder, which controls the unit height, is placed around the central axis between two adjacent arms. The arm and the hollow cylinder are shown in Fig. 11 , and they both can slide up and down along the central axis. The distance between the two holes of the arm is denoted as , which is geometrically equivalent to the length of the origami unit presented in Section II. It also equals the length of the diagonal line of the segmented helix's cross section. The height of each unit is denoted as h. The thickness of the arm is denoted as t 1 , which determines the minimum volume of this antenna when it is collapsed (the collapsible skeleton SHA is presented in next section). The range of the rotation angle β between adjacent arms is between 0 • to 180 • .
As examples, two skeleton SHAs are designed here: a hexagon skeleton SHA and a square skeleton SHA. Both SHAs have the same geometrical size as the origami SHA presented in the previous section. The length, , of the arm is 100 mm, and the total height of the antenna is 160 mm. Their simulation 3-D models are shown in Fig. 12 for both the right-handed and left-handed states. Both SHAs have a total of 2 turns.
The thickness of each arm is 2mm. Copper wire with 0.4 mm diameter feeds through a hole at one end of one arm and through the hole at the end of the next arm. The symmetrical bifilar segmented helix structure is built with the skeleton arms. Each copper wire is connected at the base of the antenna to a 50 ohm excitation, and the other end of each copper wire is fixed on the top arm. The two excitation ports have 180 • phase difference. A 150 mm by 150 mm square copper sheet is used as the ground plane. The skeleton SHA has two states: right-handed state and left-handed state. One of the advantages of this symmetrical skeleton structure is that the whole skeleton can be rotated around the central axis by only rotating the top arm, while all the rest arms are pulled by the copper wire to rotate. A right-handed skeleton SHA can be switched to a left-handed skeleton SHA by rotating the top arm 720 • (two turns). Also, when the distances between adjacent arms are identical, the angles between adjacent arms will be identical. When the top arm is fixed on the central axis, a simple motor system can achieve the rotation operation. A video showing the skeleton SHA prototype rotating is attached as a supplement to our paper. Table 2 shows the geometric parameters of the hexagon and square skeleton SHAs that are shown in Fig. 12 . The square skeleton SHA has fewer arms, larger unit height and shorter copper wire length compared to the hexagon skeleton SHA. The pitch angle, α, of these two skeleton SHAs can be calculated by equation (2) . The performance of the two antennas is examined in the next section.
V. SKELETON SHA PERFORMANCE
In this section, prototypes of the two skeleton SHAs with the geometric parameters of Table 2 are built. Fig. 13 shows the prototypes of the skeleton SHAs and the conventional HA. In order to make the conventional HA have the standard geometry, a 3 mm thick hollow cylinder base with helical groove lines is used as support. The central axis, hollow cylinder, and arms of the skeleton scaffolding were printed with PLA filament using a 3D printer. The dielectric constant VOLUME 6, 2018 of the PLA is 2.5. The copper 26-guage wire (0.409 mm diameter) used in the prototype is magnet wire with polyester coating. The thickness of the insulation layer is 0.023 mm. It should be pointed out that our simulation results show that the PLA cylinder base has negligible impact of the gain and polarization performance of the conventional HA, but it does shift its operating frequency approximately 8 MHz compared to the case with no base. The two segmented helical elements of each SHA antenna are fed using SMA connectors and with 180 • phase difference between them. When the top arm rotates 720 • , the entire segmented helical structure will rotate from its right-handed state to left-handed state.
The measured performance characteristics of the proposed skeleton SHAs are compared with the ones of the origami SHA and the equivalent conventional bifilar HA in Table 3 . All the antennas have the same diameter, height, and number of turns. The operating frequency of each antenna is picked so that it operates in axial mode and with the best axial ratio. From the results in Table 3 , it can be concluded that all the SHAs have CP performance with small axial ratio (below 1.2 dB). The origami SHA has 1.4 dB lower gain, larger axial ratio and wider beamwidth than the corresponding ones of the conventional HA. The half-power beamwidths (HPBWs) of the radiation pattern of the two skeleton SHAs are approximately the same to the ones of the conventional HA. The two skeleton SHAs have slightly lower realized gain and slightly larger axial ratio compared to the ones of the conventional HA. Also, since the circumference of the hexagon skeleton SHA has more sides than that of the square skeleton SHA, the hexagon skeleton SHA is geometrically more similar to the conventional HA and therefore, it is expected that the axial ratio and gain performances of the hexagon skeleton SHA will be more similar to the ones of the conventional SHA. The operating frequency of the origami SHA is approximately the same to the operating frequency of the conventional HA. Whereas, the operating frequencies of the skeleton SHAs are slightly higher than the operating frequency of the conventional HA. This happens because the circumference of the skeleton SHAs are smaller than the circumference of the conventional HA. The operating frequencies of the skeleton SHAs can decreased by increasing the length of their arms.
Fig. 14 compares the measured RHCP and LHCP elevation pattern for ϕ = 0 • and ϕ = 90 • for the skeleton SHAs at both the right-handed state and the left-handed state. The prototypes were measured in a StarLab anechoic chamber at the operating frequencies of the SHAs (i.e., the hexagon SHA was measured at 1.08 GHz, and the square SHA was measured at 1.16 GHz). It is evident that both antennas work in the axial mode, and the maximum gain is along their central axis. The level of cross-polarization gain is approximate 20 dB lower than the co-polarization gain over the main beam direction. The RHCP and LHCP gain can be switched when the skeleton SHAs are rotated from their right-handed state to their left-handed state. The slight difference between the pattern shapes at the two states can be attributed to the fact that the physical structure of the copper wire is not exactly the same at the two states. The gain of helical antennas operating at the axial mode depends on the number of turns. Specifically, the gain increases as the number of turns increases. However, the gain does not increase linearly with the number of turns. In fact, for a large number of turns, an increase in the number of turns does not necessarily result in more directional radiation pattern [23] . Practical helical antennas have 5 to 15 turns. Table 4 shows the variation of the simulated gain versus the number of turns of our bifilar skeleton SHAs. From these simulation results, it is observed that increasing the number of turns beyond 10 turns does not significantly increase the gain of the SHAs. Also, higher gain can be achieved by using a reflector [14] or helical antenna arrays [24] .
The skeleton based SHA is also a collapsible and deployable antenna like the origami SHA. A supporting mechanism is developed, as shown in Fig. 15 . Specifically, the hollow cylinders between the arms were removed and an additional hole was drilled on each PLA arm. The position of this hole is close to the central axis. A nonconductive thread is fed through the holes, and the thread is fixed on each arm. The thread pulls the arms upward sliding them along the central post when the antenna is expanded, and also sets the distance between adjacent arms. A telescoping metal post is used as the central axis. This design structure allows the antenna arms to rotate and the antenna to collapse or expand its height. The telescopic tubular mast system [25] can be used to deploy the antenna automatically in space. The minimum collapsed height of this skeleton SHA, shown in Fig. 15(b) , is approximately 17 mm, which make the antenna occupy 90% smaller volume compared to the volume of the completely expanded SHA. This is very useful for satellite antenna systems, where the SHA can be collapsed and stowed compactly during launch while it can expand when it reaches space.
VI. CONCLUSION
In this article, new designs of bifilar segmented helical antennas with switchable sense of polarization are presented based on origami and skeleton scaffoldings. The design parameters of the two structures are discussed. Both SHAs exhibit high directional gain and circular polarization as conventional helical antennas. However, the proposed SHA designs have the following unique advantages: 1) their sense of circular polarization can be switched from LHCP to RHCP by mechanical rotation around their central axis, and 2) they can collapse to achieve high efficiency packing ratios. These features make the proposed designs particularly useful for small satellites, e.g., CubeSats.
